ensured and there is no uncontrolled release of water from the reservoir causing flooding in the downstream region of the dam under a Safety Evaluation Earthquake (SEE). Wieland et al. [19] indicates that performance criteria or specifications of acceptable damage under SEE ground motions are poorly defined and considering these in safety evaluations requires considerable engineering judgment. FEMA 65 [5] and FEMA 1025 [6] both provide federal guidelines for the risk assessment and dam safety and are similar to the ICOLD guidelines. They provide guides that relate probable damage scenarios to different design earthquake levels.
Nevertheless, several investigators in the area of geotechnical engineering are doing an effort to provide rational methodologies using concepts of performance-based design in a simplified way for the complementation of existing methodologies such as (a) traditional pseudo-static analyses, (b) displacement based (Newmark or sliding block method), and (c) dynamic stress-deformation numerical analyses. For example, Papadimitriou et al. [12] and Andrianopoulos et al. [1] have proposed a methodology to estimate seismic coefficients (k hmax ) for performance-based design of earth dams and tall embankments. In this method, the k hmax is estimated as a function of PGAcrest. According to Andrianpoulos et al. [1] existing methodologies for estimating k hmax for pseudostatic analyses were not proved stand-alone and sufficiently accurate to really assess seismic performance or damage measurements in earth dams. However, they generated a database of k hmax that could be used to establish a stand-alone methodology. These authors [12] understand that there is currently no methodology based on performancebased concepts that can take into account significant parameters such as the intensity and frequency content of excitation, exact geometry of the potential sliding mass upstream or downstream, foundation conditions ("shear wave velocity 250-1500 m/s"), reservoir impounded, and existence stabilized berms for estimation estimating seismic coefficient for earth dams and tall embankment and assess damage potentials.
Mehaand and Vahedifard [9] also focused their research in performance-based oriented methods for earth dams and embankments. They based their research on the analyses of observed displacements after earthquake shaking from 122 cases compared with fifteen simplified sliding blocks models based on empirical equations available in the literature. According to these investigators, predicted displacements from the fifteen simplified block models or empirical equations were less than the observed displacement for the majority of the case histories. In some cases the observed and predicted displacements varied from more than 1 m, which constitutes a potential awareness for designers in the engineering practice. The results from this research established the need to have better performance-assessment tools for earth dams to evaluate displacements at different damage levels. All of these previous investigations motivate part of this research. To try to fill out a gap in the area of performance-based assessment of earth dams, this research used the principles of displacement-based design and assessment to determine minimum levels of seismic demand to achieve a prescribed displacement limit state or vice versa. Such an investigation is useful from the perspective of identifying the relative magnitude of an earthquake and corresponding dam to epicenter distance that are required to achieve prescribed levels of damage. This paper explores the use of an existing methodology to determine minimum moment magnitude and epicentral distances needed to attain certain limit state based on displacements. The methodology was applied to a case study of an earth dam located in Guayama, Puerto Rico. A finite element of the case study dam was developed in QUAKE/W (GEOSLOPE) to obtain displacements required to reach different damage levels and to apply the displacement based methodology.
Application of a performance displacement-based methodology
This section describes the performance-displacement based methodology that was applied to evaluate different damage scenarios in the case study dam. Vidot-Vega [16] explored the use of direct performance-displacement based methods in conjunction with code provisions (e.g. ASCE or FEMA) to determine the design earthquake that will impact a particular limit or damage state for RC buildings. This methodology was explored in this study to evaluate damage scenarios in the case study dam. In this method, the system displacements are related to spectral accelerations and moment magnitudes in order to evaluate performance or damage scenarios. In order to relate system displacements to spectral accelerations, it is necessary to obtain spectral displacements using the design response spectrum code equations (e.g. [3] , Eq. 1). Thus, the period (T) in Eq. (1) is substituted by the corner period (T c ) and then is divided by the square of the frequency (ω) of the system (assuming steady sinusoidal response) and multiplied by the gravitational acceleration (g) to obtain the spectral displacement as follows:
The corner period (T c ) is the period at which the displacement spectra has its maximum value after which it becomes essentially constant, or reducing. Several researches have proposed expressions to obtain the corner period. This research used the expression recommended by the NEHRP [10] to calculate the corner period, which is given by: Equation (4) is based on seismology theory and depends on the moment magnitude (M w ) of the earthquake. Since the T c is determined at maximum displacement, combining Eqs. (3) and (4) allows to evaluate damage levels in terms of displacements and earthquake magnitudes. Substituting Eq. (3) into Eq. (4), the spectral displacement can be expressed in terms of (M w ) as follows:
In these equations, the parameters are the following (from [3] ): S D1 : The design, 5-percent-damped, spectral response acceleration parameter at a period of 1 s as defined in Eq. (6a).
S M1 : The maximum considered earthquake, 5-percent-damped, spectral response acceleration parameter at a period of 1 s adjusted for site class effects, which is given by Eq. (6b).
Then, combine Eqs. (5) and (6a, b) to get the Spectral Displacement (S D ) in terms of the Site coefficient (F v ) and S 1 (mapped earthquake acceleration at 1 s from code maps). The Site coefficient (F v ) depends on the site class (soil properties) and was obtained in this research from Table 11 .4-2 of [3] . The Spectral Displacement (S D ) is given by Eq. (7).
In the Eq. (7) the spectral displacement can be substituted by the system displacement (Δ sys /R ξ ) and can be solve by S 1 or M w to evaluate expected mapped earthquake accelerations or moment magnitudes that can generate a particular limit damage state based on displacements. R ξ is a reduction factor applied to the elastic displacement spectrum (5%) to account for increased levels of damping in some cases (R ξ = 1 for dams). Equation (8) was solved for S 1 and Eq. (9) was solved for M w . Figure 1 explains this methodology graphically.
Faccioli et al. [4] have proposed an expression to obtain the peak spectral displacement, which is given by: where r (km) is the epicentral distance or nearest distance to the fault plane for a large earthquake, and C s are soil coefficients. Some recommended values for C s [13] are:
Equation (10) can be solved for r to obtain the epicentral distance and Mw needed to attain a certain displacement limit. For the case study dam, the parameters used were the following: S 1 = 0.385 g, F v = 1.5 and C s = 1.4. Next section presents the properties and geometry of the case study dam.
Case study
The Carite Dam was selected for this study. The Carite Dam was built in 1913 and it belongs to the district of Guayama, Puerto Rico. The lake covers an area of 123.8 ha, but the catchment area of the dam is 7.92 square miles. The height and length of the dam are 31.70 and 152 m, respectively. The dam is 551 m above sea level and the waters of the Rio La Plata and some tributary streams supply it. The controlled water is used for irrigation and drinking water supply. The exceeding water is used for the three hydroelectric plants near Guayama. A raised embankment crest was recommended due to an existing loose soil in the downstream by Law Engineering Charlotte, North Carolina in May of 1992 based on several stability analyses. A new crest was constructed in 1995 to mitigate this loose soil that will remain in-place but confined and buttressed by the new embankment. From Fig. 2 it can be observed that the upper part of the dam has a slope of 1:2.5 and then it changes to 1:3 for protection of the downstream area.
Soil properties for the FE model of Carite Dam
The dam finite element (FE) model was developed using the boring logs provided by the Power Authority of Puerto Rico (administrator of the dam) in conjunction with the empirical equations. Since the only information available from the borings was the N value, empirical equations were used to compute shear wave velocities (Vs) and the shear modulus (G) of the different soil layers. The empirical equations of Ohta and Goto [11] that related the N values to the shear wave velocities (Vs) were used. These equations are well documented in the literature and have been used in the engineering practice extensively. Figure 3 presents a picture of the finite element model showing the different soil layers in Quake/W. The model was divided using a total of eighteen soil layers and the Table 1 . Ambient vibration tests were performed and the fundamental vibration period of the dam was found (around 0.31 s). With the FE model of the dam, it was obtained a similar fundamental period which allows to validate the properties used in the model.
Modeling considerations and dynamic analyses
A 2D dam finite element model was developed in QUAKE/W program (GEOSLOPE). Plane strain elements were used in the model. The incremental dynamic analyses of Carite Dam were performed using the equivalent linear method. This method is based on the use of equivalent linear properties which are characterized by the shear modulus (G and Gmax) and damping ratio (ξ) for different soils. Gmax is the small-strain shear modulus. It is important to recognize, however, that the equivalent linear model is only an approximation of the actual nonlinear behavior of the soil. In this method the variation of the shear modulus of the soil with the cyclic shear strain is described by the G/ Gmax curve. At low strain amplitudes, the shear modulus is high, but it decreases as the strain amplitude increases [8] . In other hand, the damping ratio increases as the shear strain also increases. Several researches have proposed different G/Gmax reduction and damping curves to be use in equivalent linear analyses. For the analyses of Carite Dam, the Vucetic and Dobry [17] curves were used. Figure 4 show the G/Gmax reduction and damping curves used in the analyses to approximate the nonlinear behaviour of the different soil layers in the dam. These curves are function of the cyclic shear strain. The soil layers in the dam are then defined by the shear modulus and damping as a function of strain, the thickness, and unit weight.
Accelerations and displacements were recorded during the analyses. The incremental dynamic analyses were performed varying the peak ground accelerations with factors from 0.5 to 1.5. The results obtained from the dynamic analyses were recorded for a total of 10 nodes that were considered important. Figure 5 shows the location of these nodes. The nodes (895, 1130, 1218, 1322, 1351 and 1374) are located at the downstream part of the dam and nodes (668, 679, 686 and 700) at the core. The core horizontal displacements were used for the application of the displacement based methodology since these displacmenet were higher that the ones obtained at the downstream part of the dam.
Selection of seismic ground motions
A search for earthquake records was realized at the PEER database. The ASCE design spectrum with spectral acceleration parameters obtained for the Carite site was used as target spectrum. Earthquake records whose response spectrum matches approximately the target spectrum were taken into consideration. Also, seismic moment magnitudes between 7 and 8 were inputted as parameters during the search. According to Wood et al. [20] , the faults around the island of Puerto Rico can generate earthquakes with maximum magnitudes ranging between M 7.0 to M 7.5. Table 2 shows the characteristics of the earthquake records selected for the analyses (name, year, station, 5-95% duration, arias intensity, moment magnitude, and time step-dt). The Significant Duration [15] defines ground motion duration as the length of the time interval between the accumulation of 5 and 95% of ground motion energy, where ground motion energy is defined by the Arias Intensity [2] . The Arias Intensity (IA) is a measure that describes the strength and potential destructiveness of an earthquake. Three acceleration time histories were selected in order to have variation of ground motion characteristics. Figure 6 shows the acceleration time histories with their Fourier spectrums used in the analyses.
Results from the applied performance displacement based methodology
The dynamic analyses were performed using the three earthquake records shown in Table 2 . Each of the records were multiplied by factors varied from 0.5 to 1.5 g as shown in Table 3 to perform an incremental dynamic analysis. Maximum acceleration and horizontal displacements values at the top of the core are shown also in Table 3 and were obtained from the dynamic analyses. Peak ground acceleration values (PGA) are shown for the input records. Equation (9) was used to calculate expected moment magnitude (Mw) that will develop the dam system displacement level obtained from the dynamic analyses according to the different PGA values. Then, Eq. (10) was solved for r to obtain the epicentral distance or nearest distance to the fault plane for the calculated value of seismic moment magnitude (Mw). Figures 7 and 8 shows a comparison of the moment magnitudes and epicentral distance obtained for the different displacement or damage levels in Carite Dam for the three earthquake records considered. Taking into consideration ASCE 1 and ASCE 2 cases that have similar PGA values, maximum horizontal displacements obtained were larger for ASCE 1 case which traduces in higher Mw needed to attain the displacement level. The differences obtained from each case are due to the inherent different earthquake characteristics among earthquake records such as duration of strong motion, arias intensity, frequency content and cumulative absolute velocity. Higher variability was obtained using the equation to compute the epicentral distance. However, this methodology presents an excellent way to relate displacements to Mw and r to approximately obtain an idea of what earthquake will impact the dam. Further evaluation will be needed, but the method shows good promise. 
Conclusions
A performance displacement based methodology was applied to a case study of an earth dam. The methodology consists in related the systems displacements to moment magnitudes and epicentral distance to have an idea of the earthquake that will developed certain limit state based on displacements. This method has never been applied to an earth dam, only to RC frame buildings. The methodology calculated the moment magnitude needed to attain a maximum displacement in the top of the dam. Differences were obtained among the three earthquake records considered in this study due to the variability in earthquake characteristics. It is recommended to evaluate a dam with at least 7 earthquake records to have a better idea of what Mw will really impact a particular limit state. This can be use with an alert system to trigger emergency measurements for an earthquake event in a dam site. 
